1. Introduction {#sec0005}
===============

Members of the macro domain family are conserved throughout evolution, with homologues identified in viruses (*coronaviruses*, *alphaviruses*), archaea (*Archaeoglobus fulgidus*), bacteria (*Escherichia coli*), invertebrates (*Drosophila melanogaster*), amphibians (*Xenopus laevis*), mammals (humans, mice), and plants (*Arabidopsis thaliana*, *Oryza sativa*; [Fig. 1](#fig0005){ref-type="fig"} ). Macro domain proteins all contain at least one copy of an approximately 130--190 amino acid conserved domain, the 'macro domain' [@bib0005], [@bib0010], [@bib0015] which allows them to bind various forms of ADP-ribose (ADPR) [@bib0020], [@bib0025], [@bib0030], [@bib0035], such as PAR. Little is known about the function or regulation of this domain, but its evolutionary conservation implies that it has a fundamental role in diverse organisms. Intriguingly, previous studies have indicated that the poly(ADP-ribosyl)ation (PARylation) of proteins plays a fundamental role in the cell and has the potential to orchestrate various chromatin-based biological tasks [@bib0040], [@bib0045], [@bib0050].Fig. 1The macro domain family. The structures of the macro domain proteins are depicted, showing the conserved macro domains, as well as other domains found in selected members of the family, such as the histone H2A domain; Lys-rich domain; Glu-rich domain; SEC14 domain, a lipid-binding domain found in SEC14p and other proteins; SNF2 domain, the SNF2 helicase-like domain; PARP domain, poly(ADP-ribose)polymerase domain; WWE domain, a protein--protein interaction domain containing conserved Trp and Glu residues; HLH domain, helix--loop--helix DNA binding domain; ZnF domain, ubiquitin-binding zinc finger domain. Please note that several members of the macroPARPs (PARP-9/BAL1; PARP-14/BAL2/CoaSt6; PARP-15/BAL3) display splicing variants, but for simplicity, only one variant is illustrated. Human macro domain proteins are presented on the left and homologues from other organisms are shown on the right, including macro domain proteins from *Escherichia coli* (E.c), *Drosophila melanogaster* (D), *Xenopus laevis* (X), viruses (V), *Archaeoglobus fulgidus* (A.F), *Arabidopsis thaliana* (A.t) and *Oryza sativa* (O.s). Numbers refer to amino acid positions in the proteins.

Humans contain at least 10 genes that encode 11 members of the macro domain family, which includes macroH2A (and its various isoforms including macroH2A1/macroH2A2), MACROD1 (LRP16), MACROD2 (C20orf133), C6orf130, MACROD3 (GDAP2), ALC1 (CHD1L, CHDL), and macroPARPs (PARP-9; PARP-14; PARP-15; [Table 1](#tbl0005){ref-type="table"} ). All of these proteins contain a macro domain near either their N-terminus or C-terminus, except macroPARPs in which 2--3 putative macro domains are linked. In addition to the conserved macro domain, macro domain proteins also contain a variety of additional domains, which allow them to interact with specific target proteins or target them to specific nucleic acid regions ([Fig. 1](#fig0005){ref-type="fig"}). For example, macroPARPs also contain a PARP catalytic domain, and are the only described proteins with both a PARP-like domain and macro domain. Although the function of the PARP-like domain is not fully understood, its conservation in the macroPARP homologues of *Caenorhabditis elegans*, *Schizosaccharomyces pombe*, and *A. thaliana* implies that it plays an important role in some aspect of either the function of this protein or its regulation. In this regard, the PARP-like domain can be used either to control protein modification or as a protein-interaction domain that mediates binding to other proteins, including transcription cofactor. Indeed, a recent report suggested that the PARP-like domain within PARP-14, which is also known as Collaborator of Stat6 (CoaSt6), might contribute to transcriptional regulation via its ability to catalyze the PARylation of p100, a co-activator recruited by signal transducer and activator of transcription-6 (STAT6) [@bib0055], [@bib0060]. Most other members of the macro domain family also contain additional domains that mediate protein--protein (the WWE domain) [@bib0065] or protein--lipid (the SEC14 domain) [@bib0070], [@bib0075] interactions, as well as chromatin remodeling (the SNF2 domain) [@bib0080], [@bib0085]. Interestingly, the presence of the macro domain in the histone protein macroH2A and in proteins that contain DNA and RNA binding motifs would suggest an essential role in nucleic acid recognition.Table 1Human macro domain family protein.MemberOther namesLocus link[a](#tblfn0005){ref-type="table-fn"}ChromosomeReported functionsRef.MacroH2A1MacroH2A1.1\
MacroH2A1.2\#95555q31.3-q32Transcriptional regulation, genome silencing, X-chromosome inactivationBuschbeck et al. [@bib0210]Costanzi et al. [@bib0215]Nusinow et al. [@bib0225]Hoyer-Fender et al. [@bib0230]Sporn et al. [@bib0300]Angelov et al. [@bib0330]MacroH2A2H2AFY2\#5550610q22Transcriptional regulation, developmental rolesCostanzi et al. [@bib0310]Changolkar et al. [@bib0350]MACROD1LRP16\#2899211q11Transcriptional co-activatorHan et al. [@bib0315]Han et al. [@bib0320]Yang et al. [@bib0325]MACROD2C20orf133\#14073320q12.1Developmental disorders and Kabuki syndromeMaas et al. [@bib0205]MACROD3GDAP2, FLJ20142, dJ776p7.1\#548341p12Ganglioside-induced differentiation-associated proteinNeuvonen et al. [@bib0035]ALC1CHD1L, CHDL, FLJ22530\#95571q12Oncogene, ATP-dependent chromatin remodeler, epithelial--mesenchymal transition (EMT)Gottschalk et al. [@bib0115]Ahel et al. [@bib0120]Chen et al. [@bib0250]Chen et al. [@bib0365]Chen et al. [@bib0415]PARP-9BAL, BAL1, DKFZp666B0810\#836663q21Modulates transcription and promotes B-cell lymphoma migrationAguiar et al. [@bib0095]Hakmé et al. [@bib0195]Aguiar et al. [@bib0395]PARP-14BAL2, CoaSt6, KIAA1268, pART8\#546253q21.1Transcriptional cofactor and developmentGoenka et al. [@bib0055]Goenka et al. [@bib0060]Hakmé et al. [@bib0195]PARP-15BAL3, FLJ40196, FLJ40597, MGC126750, MGC126752, pART7\#1656313q21.1Transcriptional co-repressorAguiar et al. [@bib0095]C6orf130MGC19570, dJ34B21.3\#2214436q21.1Serologic markerMarina et al. [@bib0410][^1]

Although speculative, the topology of macro domain proteins, which consists of diverse domains flanked by N- and C-terminal tails together with the conserved potential ligand-binding macro domain, indicates important and varying roles for these proteins in the regulation of diverse cellular functions. The macro domain proteins might be viewed as molecular bridges that bring together target proteins, via interactions with the variable domains, and metabolites of NAD^+^, including PAR, via binding to the conserved macro domain. Here, we review our current understanding of the high level of structural similarity among macro domains, and then focus on recent advances in understanding of the biological mechanisms that underlie the different functions of macro domain proteins. Finally, we explore how dysregulation of these proteins leads to human diseases, including cancer, and discuss efforts to develop drugs that target the macro domain to treat these conditions.

2. Structure of the macro domain: implications for ADPR affinity {#sec0010}
================================================================

Three-dimensional (3D) structures of the ADPR binding fragments of macro domains have been solved recently, which has permitted comparisons to be made with previously published members of the macro domain family and has provided additional evidence of similarities in the structure of macro domain proteins [@bib0090]. The determination of the 3D structures of the macro domains of archaea Af1521 and human macroH2A1.1 showed that these proteins have structural homology within the binding site for ADPR ([Fig. 2](#fig0010){ref-type="fig"}A). The structure of the macro domain includes approximately 130--190 amino acid residues that fold into a globular mixed α-helix and β-sheet structure that contains a deep groove, a potential ligand-binding pocket ([@bib0025], [@bib0030]; as in [Fig. 2](#fig0010){ref-type="fig"}A and B). Although there is a relatively high degree of sequence similarity (approximately 30--40%) between any two macro domains [@bib0030], [@bib0095], the substantial sequence variation between domains is probably responsible for the selectivity of different macro domains for specific binding partners. Recently, isothermal titration calorimetry (ITC) experiments have indicated that many proteins that contain macro domains can bind various forms of ADPR, such as mono-ADPR, PAR, poly (A), and the SIRT1 metabolite O-acetyl-ADP-ribose (OAADPR) [@bib0025], [@bib0030], [@bib0035], [@bib0090]. For example, the gene macroH2A1 contains two mutually exclusive exons, and alternative splicing generates two isoforms: macroH2A1.1 and macroH2A1.2. Moreover, Gly223 and Gly224 in macroH2A1.1 are replaced by larger residues (Lys226 and Asp227) in macroH2A1.2. Although the structural differences between the two isoforms of macroH2A are small, they do differ in their affinity for various forms of ADPR, the small structural changes completely abolish interaction with both OAADPR and ADPR [@bib0100]. The macro domain of Semliki Forest Virus (SFV) binds PAR well, but ADPR only poorly (for review [@bib0035]). However, surprisingly, GDAP2 binds both PAR and ADPR inefficiently, confirming the hypothesis that sequence alterations in the ligand-binding pocket of this protein which was compared to other macro domain proteins, might be related to different substrate specificities (nucleic acid recognition *versus* PAR binding) [@bib0035]. Whereas MACROD1 -- rather than ADPR-1′′P hydrolytic enzymes acting on PAR -- not only is specific ADPR binding module, but also is PAR binding module [@bib0035]. The significance of these different interactions remains unknown and presumably must await determination of the functions of individual macro domains.Fig. 2Macro domains are highly conserved structural domains that bind ADPR. (A) X-ray crystal structures of the macro domains from *Archaeoglobus fulgidus* (archaeal) Af1521 protein [@bib0090] (Protein Data Bank (PDB) accession code 2BFQ) and human macroH2A1.1 [@bib0110] bound to ADP-ribose (PDB accession code 3IID). The two views are rotated 90° relative to each other. (B) Schematic illustration of the proposed 2′ OH PAR capping function of macro domains, some amino-acids in conserved residues of macro domain proteins can serve as PAR acceptors, such as Asp, Glu. The square (orange) represents a *mono*-ADP-ribose. (C) Multiple amino acid sequence alignment of macro domain-containing proteins derived from *SARS-CoV*, SFV, *Escherichia coli*, *Arabidopsis thaliana*, and *Archaeoglobus fulgidus* with human macroH2A, MACROD1, MACROD2, GDAP2, PARP-9, PARP-14, and ALC1. The protein name is followed by the species abbreviation. Uniprot codes: AF1521 (*Archaeoglobus fulgidus*, [O28751](ncbi-p:O28751)); AT2G44980 (*Arabidopsis thaliana*, [Q3E6Q7](ncbi-p:Q3E6Q7)); ymdB (*Escherichia coli*, C4ZRY6); ALC1 (human, [Q86WJ1](ncbi-p:Q86WJ1)); GDAP2 (human, [Q9NXN4](ncbi-p:Q9NXN4)); MACROD1 (human, [Q9BQ69](ncbi-p:Q9BQ69)); MACROD2 (human, A1Z1Q3); PARP-9 (human, [Q8IXQ6](ncbi-p:Q8IXQ6)); PARP-14 (human, [Q460N5](ncbi-p:Q460N5)); macroH2A1.1 and macroH2A1.2 (human, [O75367](ncbi-p:O75367)); macroH2A (human, [Q9P0M6](ncbi-p:Q9P0M6)). Conserved residues are colored according to their chemical properties. The black square represents the conserved motif (GDI/VT) among these different macro domain proteins. The bottle green diamond on top of the sequence indicates the amino acid that was mutated in AF1521 and ALC1, and red diamonds indicate the amino acids that were mutated in *SARS-CoV*. The blue diamond indicates the amino acid that was mutated in macroH2A1.1, and yellow diamonds indicate the amino acids that were mutated both in SFV and in MACROD1.

As summarized in [Fig. 2](#fig0010){ref-type="fig"}C, multiple sequence alignment of macro domain proteins has indicated that there is a high level of sequence homology among viral, bacterial, archaea, and eukaryotic proteins. Most of the conserved residues are located within the ligand-binding pocket, which suggests that they are functionally important, and this region of the protein is a good candidate for the active site. Indeed, mutagenesis studies have demonstrated that some conserved residues play an important role in the ability of the domain to bind ADPR. For example, the mutations Gly182Tyr and Gly270Tyr in MACROD1 inactivate ADPR binding and the hydrolysis of ADPR-1′′P, and the corresponding mutations in the SFV macro domain protein (Gly32Tyr and Gly112Tyr) also totally abolish ADPR-1′′P hydrolysis, but none of the mutations affect the binding of PAR [@bib0035]. Similar effects may be observed for other macro domain proteins. Mutations of amino acids 10 and 24 from Asn to Ala in the ADPR-binding region of *SARS-Cov* macro domain did not induce a significant decrease in PAR-binding either [@bib0105]. In contrast, recent studies have determined the crystal structure of the macroH2A1.1 macro domain--ADPR complex and model PAR into the binding pocket, which allows them to identify residues (for example, Gly224) whose mutation abolishes binding of ADPR and PAR [@bib0100], [@bib0110]. An Asp20 to Ala mutation in AF1521, a macro domain protein from *A. fulgidus*, was found to reduce substantially the affinity of this protein for ADPR [@bib0025]. It is tempting to speculate that the Asp residue of the GDI(V)T motifs seen in recently published macro domain structures binds ADPR in an analogous manner. Indeed, two recent independent studies have supported the possibility that this Asp residue is essential for the binding of PAR by some macro domains; for instance, the macro domain of amplified in liver cancer 1 (ALC1) is necessary and sufficient for PAR binding, and PAR binding is reduced greatly in the ALC1 Asp723Ala mutant [@bib0115], [@bib0120].

3. Macro domain proteins and PARylation {#sec0015}
=======================================

Posttranslational modifications (PTMs) play a key role in regulating diverse biological functions. One of the oldest and least understood PTMs is the PARylation of proteins, including histones. PARylation is mediated by PAR polymerases (PARPs), PARP-1 and PARP-2, which use NAD^+^ as a substrate. PARPs catalyze the covalent attachment of ADPR units to Glu or Asp residues on target proteins to generate long, linear and branched PAR chains, which are synthesized and degraded rapidly. This reaction is reversible and dynamic process, as indicated by the short-half life of the polymer. PAR glycohydrolase (PARG) and ADP-ribosyl protein lyase catabolize PAR; the former cleaves the ribose--ribose bonds of both the linear and branched portions of PAR, whereas the latter removes the protein-proximal ADPR monomer [@bib0125]. Nuclear PARP-1 itself acts as the main PAR acceptor via auto-modification, and its activity is induced by stress-response pathways, such as responses to DNA lesions and metabolic stress ([@bib0130], [@bib0135], [@bib0140]; [Fig. 3](#fig0015){ref-type="fig"} ). Recent genetic and biochemical data indicate that PARylation has important roles in many physiological and pathophysiological processes [@bib0040], [@bib0145], [@bib0150], [@bib0155]. However, despite the important functions of PARylation, it remains poorly understood how these PTMs are recognized by other proteins.Fig. 3Metabolism of poly(ADP-ribose). PARPs hydrolyze NAD^+^, releasing nicotinamide (Nam) and one proton (H^+^), and catalyze the successive transfer of the ADP-ribose moiety to nuclear protein acceptors. The reaction is initiated by the formation of an ester bond between the amino-acid acceptor (Glu, Asp or COOH-Lys) and the first ADP-ribose. Polymer elongation involves the catalysis of a 2′--1′′ glycosidic bond. PAR is heterogeneous in size and complexity, as indicated by the shade labels (x, y, z labels) that represent values from 0 to more than 200. PARG and ARH3 can both hydrolyze PAR at the indicated positions. Activators and functions of PAR synthesis are indicated. Ade, adenine; PAR, poly(ADP-ribose); PARG, poly(ADP-ribose) glycohydrolase; ARH3, ADP-ribosyl hydrolase-3; PARP, poly(ADP-ribose) polymerase; P, phosphate; Rib, ribose.

Studies over recent decades have begun to identify and characterize the proteins that bind to PAR. Studies have demonstrated that most macro domain proteins could serve as a receptor of PAR in living cells [@bib0110], [@bib0115], [@bib0120]. These findings provide new insights into the role of the PAR-binding macro domain in diverse biological functions and show that PARylated macro domain proteins have the potential to orchestrate various chromatin-based biological tasks, including DNA repair and chromatin remodeling (for review [@bib0110], [@bib0115], [@bib0120]).

How widespread is the interaction of macro domains with PAR? So far only 10 human proteins containing macro domains have been reported (according to the NCBI database). Moreover, it has been shown that only a few of them bind PAR, the low number strongly suggests that other domains that bind PAR may exist. Indeed, in addition to macro domains, another two such motifs have been described and derived potential consensus sequences for proteins with this capacity. One is found in several important DNA damage checkpoint proteins such as p53, MSH6, histones, DNA--PKcs, Ku70, XRCC1 and telomerase, and is characterized by a 20 amino acid motif that contains two conserved regions: (i) a cluster rich in basic residues and (ii) a pattern of hydrophobic amino acids interspersed with basic residues [@bib0160], [@bib0165], [@bib0170]. The second characterized motif is the PAR-binding zinc finger (PBZ), which is also associated with DNA repair and checkpoint control. Recent study has demonstrated interaction of PAR with this motif in two representative human proteins, APLF (aprataxin PNK-like factor) and CHFR (checkpoint protein with FHA and RING domains) [@bib0175]. Analysis of the primary sequence of CHFR revealed a conserved putative C2H2 zinc-finger motif at its carboxy terminus. The putative C2H2 zinc-finger that is referred to as PBZ, is separated by a 6--8 amino acid spacer and has the consensus \[K/R\]xxCx\[F/Y\]-GxxCxbbxxxxHxxx\[F/Y\]xH (for review [@bib0175]). Study has established the functional importance of the PBZ motif, demonstrating that specific PBZ-targeted mutations abrogate their PAR-binding capacity and functions in the antephase checkpoint [@bib0175]. Collectively, the identification of specific PAR-binding sites in several proteins of the cellular signal network suggests that these proteins may be interaction partners of the PARP protein family. By targeting specific domains in these proteins, PAR could regulate protein--protein or protein--DNA interactions, protein localization, or protein degradation. PAR could also play a chaperone function in the DNA damage signal network by facilitating the temporary formation of multiprotein complexes.

It is possible that PARylated proteins act as an essential scaffold for the efficient recruitment of components of the DNA damage responses, and this is supported by a recent study that suggests that PARylated PARP-1 serves as a molecular bridge in the rapid assembly of a novel signaling complex following DNA damage in the nucleus [@bib0180]. Does this mean that the PARylation of proteins that contain one of these three PAR-binding motifs (PARBMs) provides specific interaction platforms for the recruitment of repair proteins involved in the pathways of single-strand break repair (SSBR) and base excision repair (BER)? It has not been explained exactly how DNA damage-inducing agents cause the PARP-1-mediated PARylation of PARBMs that serve as a scaffold for the recruitment of DNA damage response proteins. Whatever the mechanism, it is clear that the PARylation of proteins has a key role in diverse cellular functions, including DNA damage response and transcriptional regulation. Both inactivation of the catalytic activity of PARP-1 and the use of macro domains that cannot bind PAR abrogate macro domain-mediated chromatin rearrangement and DDR completely [@bib0110], [@bib0115], [@bib0120]. Collectively, the specific targeting of proteins to these sites of PAR accumulation depends on the recognition of PAR by defined PARBMs.

Recent evidence strongly suggests that not all of PARP family members are able to function as polymerases but instead are mono-ADP-ribosyltransferases (mARTs) [@bib0185]. It is tempting to speculate that intracellular mono-ADP-ribosylation has been widely used as a mechanism to regulate many different aspect of cell physiology. Might these three motifs also recognize mono-ADP-ribosylated substrates? Crystallographic and calorimetric studies have demonstrated that the macro domain binds to the terminal ADPR of PAR, and the recent work strongly shows that this binding is efficiently competed by an excess of free ADPR. To date, there is no clear-cut evidence that eukaryotic macro domains bind to mono-ADP-ribosylated proteins. At the least, the E988K mutant of PARP-1, which lacks intrinsic PARP activity but is capable of auto-mono-ADP-ribosylation, fails to recruit macroH2A1.1 [@bib0110]. However, a recent report suggests that Af1521 can potentially interact with mono-ADP-ribosylated proteins, which can then be identified by mass spectrometry [@bib0190]. Currently, it is unknown if indeed mono-ADP-ribosylation is a broadly used PTM and whether macro domains or other PAR-binding elements interact with a particular protein sequence motif that carries ADPR. So far no evidence supports this presumption. Thus it seems likely that separate domains recognize mono-ADP-ribosylation *versus* PARylation and the above findings also indicate a potential mechanism by which cells use modification-dependent interactions to orchestrate the assembly of regulatory pathways.

4. Widespread biological functions of macro domain proteins {#sec0020}
===========================================================

4.1. The developmental roles of macro domain proteins {#sec0025}
-----------------------------------------------------

Macro domain proteins are expressed ubiquitously in adult tissues, but the physiological and cellular functions of these proteins remain elusive. Of the mammalian macro domain proteins, only the potential developmental roles of macroH2A and the macroPARPs have been investigated. The role of macroH2A in development is characterized better than that of other macro domain proteins, possibly because macroH2A was the first of these proteins to be described and is the most intensively studied.

The differential distribution of several macroPARPs at different stages of development hints at a possible physiological role in development. The first important observation was that the expression levels of different macroPARPs vary significantly during mouse embryogenesis and in adult tissues [@bib0195]. PARP-9 is developmentally regulated, prominently expressed in the thymus, in specific regions of the central nervous system and of the gut. This regionalized expression pattern during mouse organogenesis suggests that PARP-9 could have a function in lymphogenesis, neurogenesis, and development of the intestine. In the adult mouse, the highest levels of PARP-9 transcripts were found in the medulla of the thymus, suggesting a role for PARP-9 in thymocytes maturation. PARP-14 also likely plays a role during thymic development and function, because this organ is the major site of PARP-14 expression, although at low levels [@bib0195]. However, PARP-14 knockout mice presented no overt developmental abnormalities and displayed normal Mendelian genetics [@bib0200]. Interestingly, human PARP-9 and mouse PARP-14 were reported to act in the transcriptional regulation of gene expression activated by IFNγ and IL-4, respectively [@bib0055], [@bib0060]. These two cytokines can antagonize each other\'s function in thymocytes maturation and macrophage activation during the immune response, raising the hypothesis of a possible antagonistic function for PARP-9 and PARP-14 in the immune response. PARP-9 was also expressed at higher levels in the enterocytes of the intestine, suggesting specific functions that could be related to homeostasis, nutrient digestion, and absorption, or to the barrier and defense function against toxic compounds or pathogenic microoranisms.

In addition, previous studies have indicated that C20orf133 is a causative gene for Kabuki syndrome (KS), which is a rare congenital malformation. Interestingly, the pattern of expression of C20orf133 during mouse embryonic development supports its importance for the development of various tissues and organs [@bib0205]. Furthermore, changes in the expression of the subtypes of macroH2A during development suggest that macroH2A plays an important role in the developmental regulation of chromatin structure. Further studies have indicated that macroH2A, as an epigenetic regulator of development and cell fate decisions, is involved in the concerted regulation of gene expression programs during cellular differentiation and vertebrate development [@bib0210]. As macroH2A1.1 is expressed in metabolic tissues, including pancreatic beta islets, and macroH2A1-deficient in mice revealed metabolic disorders (e.g. dysregulation of fat and sugar metabolism), rather than obvious DNA damage phenotypes [@bib0215]. The spatial expression of subtypes of macroH2A is not uniform, which suggests that macroH2A subtypes have specific functions in a subset of developmental processes and particular tissues.

Another role of macroH2A in cellular differentiation and development relates to the inactivation of one X chromosome in the somatic cells of females and to male meiotic sex chromosome inactivation (MSCI) [@bib0220], [@bib0225], [@bib0230]. MSCI is an evolutionarily driven process in which both the X and the Y chromosome become heterochromatic and transcriptionally inactive in males during prophase I at pachytene [@bib0235], but unlike X-inactivation in somatic cells, MSCI does not require *Xist* RNA (a transcript specific to X-chromosome inactivation) [@bib0240]. In addition, the location of macroH2A in somatic cells changes in a manner that depends on the cell cycle [@bib0245]. These studies on macroH2A have shown that dramatic changes could occur in chromatin during cellular differentiation and development.

Emerging evidence has indicated that the different subtypes of macroH2A might compensate for each other functionally, for instance, knockout mice that lack macroH2A1 develop normally [@bib0215], but macroH2A-deficient zebrafish, which express only one form of macroH2A, macroH2A2, show developmental defects [@bib0210]. Therefore, comparing to the two completely different results, there might be additional regulatory pathways that compensate for the loss of macroH2A function. It remains to be seen how a double knockout of both forms of macroH2A would affect mammalian development; however, one might speculate that the two forms of macroH2A would compensate for each other. Taken together, these results demonstrate that macro domain function is required for proper development, and during developmental processes, different macro domains might compensate for each other functionally.

4.2. The macro domain as an anti-apoptotic factor {#sec0030}
-------------------------------------------------

Many studies in cell-based and animal models have shed important light on the potential involvement of members of the macro domain family in some apoptotic signaling pathways. The overexpression of macro domain proteins in various cell lines has been shown to protect against multiple apoptotic signals, such as staurosporine (STS), camptothecin, phleomycin, and ionizing radiation [@bib0120], [@bib0250]; Furthermore, knockdown of the expression of macro domain proteins in various cell lines results in increased apoptosis [@bib0120], [@bib0250]. The antiapoptotic activity of overexpressed macro domain proteins requires an intact macro domain, because deletion of this domain abrogates the ability of these proteins to antagonize apoptosis [@bib0250].

### 4.2.1. Regulation of apoptosis via PAR-dependent pathways {#sec0035}

Recently, several studies have demonstrated that macro domain proteins can also inhibit apoptosis in a PAR-dependent manner [@bib0120], [@bib0200]. Growing evidence has demonstrated a role for macro domain protein in the regulation of cell apoptosis that occurs in response to biological, chemical or physical stimuli, via at least two non-exclusive mechanisms in PAR-dependent manners: through the modulation of chromatin structure, or through direct interaction with transcription factors and/or cofactors. On the one hand, after DNA damage, macro domain can inhibit apoptosis by mediating a PAR-dependent chromatin-remodeling activity and facilitate DNA repair reactions within a chromatin context [@bib0120]. On the other hand, the mechanism by which PARP-14 can mediate inhibition of cell apoptosis is by interacting directly with transcription cofactors (such as p100) [@bib0200]. Thereby, PARP-14 mediates interleukin (IL)-4 regulation of the expression of genes determining cell survival. Intriguingly, the intrinsic PARP activity of PARP-14 was shown to be required for this regulation event, these results indicate that PAR polymerization mediates a survival signal in cells. More recent evidence for the essential role of PAR in the efficient management of apoptotic pathways has been provided by the IL-4-induced protection of B cells against apoptosis is impaired significantly by the absence of automodification PARP-14 or the inactivation of its intrinsic PARP catalytic activity (for review [@bib0200]). Collectively, recent studies have led to a greater interest in the biology of PAR, but the emphasis so far has been largely on the identification of PAR-binding proteins [@bib0025], [@bib0035], [@bib0155], [@bib0160], [@bib0170], [@bib0175]. Many studies go beyond PAR binding to assign specific functional outcomes for the binding events in the nucleus, revealing the essential role of these interactions between macro domain proteins and PAR in the inhibition of cell apoptosis process [@bib0115], [@bib0120].

### 4.2.2. Regulation of apoptosis via Nur77-associated pathway {#sec0040}

Another protein that can explain the important role of intact macro domain within ALC1 in cell apoptosis is Nur77, which is also known as NGFI-B or TR3, is a unique transcription factor belonging to orphan nuclear receptor superfamily [@bib0255], [@bib0260], [@bib0265]. However, the role of Nur77 in apoptosis is still not completely understood, because Nur77 has been reported both to enhance and to suppress apoptosis [@bib0265]. Nur77 mediated apoptosis involves both its transcriptional activities to up-regulate the gene expressions responsible for promoting apoptosis [@bib0270] and its translocation from the nucleus to the cytosol to convert Bcl2 function from antiapoptosis to proapoptosis [@bib0260]. Interestingly, Nur77 functions in both positive and negative regulation of apoptosis depending on the cellular context and different external signals. This notion has been confirmed by previous studies showing that, Nur77 survives cells in tumor necrosis factor (TNF) induced cell apoptosis [@bib0275] and prevents A20B cells from ceramide-induced cell death [@bib0280]. It is most likely that Nur77 exerts its antiapoptotic effects by functioning in the nucleus [@bib0275], [@bib0285]. However, the mechanism by which the nucleus to the mitochondria translocation of Nur77 is manipulated is still unclear. Notably, a study from Chen et al. demonstrated that the intact C-terminal macro domain of ALC1 (aa600--897) is responsible for the protein\'s antiapoptotic activity [@bib0250]. The proapoptotic activity of Nur77 is abrogated in cells that are overexpressing ALC1, which interacts with Nur77 and inhibits its translocation from the nucleus to the mitochondria [@bib0250]. This novel role for macro domains in regulating apoptotic pathway extends the physiological functions of these structures beyond the control of transcription factor activity.

Previous study has established that macro domain protein has an essential role for mediating inhibition of cell death through caspases rather than the caspase-independent pathway [@bib0200], [@bib0250]. Macro domain participates in apoptotic signals by several means: by regulating the transactivation of transcription factors and by inhibiting the nucleus to the mitochondria translocation of apoptosis-associated proteins, and also by protecting against DNA damage. Notably, the macro domain mediates protein--protein interactions and is also essential for the binding of PAR. Besides these mechanistic insights, the most convincing piece of evidence for antiapoptotic function of macro domain proteins is the fact that cells derived from PARP-14-knockout mice have profound defects in executing cell survival by different stimuli [@bib0200]. Collectively, the anti-apoptotic activity of macro domain proteins might depend on the structural and biochemical features of this domain that allow interaction with other transcription factors involved in the regulation of apoptosis.

4.3. The DNA damage response involves macro domain proteins {#sec0045}
-----------------------------------------------------------

A role for macro domains in mediating DNA-damage responses is strongly implied by a series of observations: after DNA damage, macro domains can sense PARP-1 activation *in vivo* by PAR-dependent manners [@bib0110]; they co-localize with sites of DNA repair or sites of DNA single/double strand lesions [@bib0110], [@bib0115], [@bib0120]; and many proteins linked to DNA repair and checkpoint dynamically interact with macro domain through PARylated PARP-1[@bib0110].

One of the first pieces of evidence that suggested a role of macro domain proteins in the DNA damage response was the cytological observation that, following DNA damage, macro domain protein localizes at damage induced foci (also known as ionizing radiation induced foci) [@bib0110], [@bib0115], [@bib0120], which co-localize with foci where the DNA repair proteins accumulates. A comprehensive summary of the proteins that co-localize with macro domains before and after DNA damage was recently published by several laboratories [@bib0110], [@bib0115], [@bib0120] and portrays an extremely complex set of interactions. Many of these proteins linked to DNA repair, such as DNA--PKcs, Ku70--Ku80, XRCC1, APLF and PARP-1, co-localize with macro domain after DNA damage. These interactions are dependent on PARP-1 enzymatic activity, which suggests that macro domain localizes at DNA damage induced foci through PARylated PARP-1. The DNA damage induced foci, marked by the histone variant H2AX phosphorylated on Ser139 (known as γH2AX), represent sites of DNA breaks [@bib0290]. γH2AX is essential for the accumulation of numerous DNA damage repair factors at sites of DNA breaks, suggesting that γH2AX is one of initial recruiting factors for various checkpoint and DNA repair proteins to DNA breaks. Specifically, in cells expressing macroH2A1.1, γH2AX increased at the laser cut relative to the surrounding chromatin [@bib0110]. Thus, the transient compaction of macroH2A1.1 chromatin upon PARP-1 activation can dynamically modulate DNA damage responses.

Despite having conserved macro domain, macro domain containing protein does not bind directly to γH2AX. The localization of macro domain proteins to damage induced foci occurs in PARP-1-dependent manner, but is independent of another PARP activity: PARP-2 [@bib0110]. So how does macro domain localize to damage induced foci? Mass spectrometry analysis and affinity purification approaches identified the PARP-1 protein as a macro domain binding protein [@bib0110]. Following DNA damage, PARP-1 was activated, providing a convenient readout for transient PAR accumulation within a spatially defined region (the 'foci') *in vivo*. Interestingly, macro domain proteins were rapidly recruited to PARP-1 activation sites and also identified as a component of PARP-1, Ku70--Ku80 and DNA--PKcs complex. Detailed analyses indicate that PARP-1 bridges the interaction between macro domain protein and Ku70--Ku80--DNA--PKcs and mediates the localization of macro domain protein to sites of DNA damage ([Fig. 4](#fig0020){ref-type="fig"} ). The finding that PARP-1 and its enzymatic activity are required for proper macro domain proteins localization following DNA damage suggested the existence of a PAR-dependent signaling pathway that controls the retention of the Ku70--Ku80, DNA--PKcs, PARP-1 and macro domain complex at DNA double-stranded breaks (DSBs) (for review [@bib0110]). This was supported by the observation that the recruitment of macro domain proteins to the sites of DNA damage is abrogated completely by using PARP inhibitors or PAR-binding deficient macro domain.Fig. 4Macro domain proteins and the DNA damage response. DNA damage results in the recruitment and activation of PARP-1. Subsequently, PARP-1 catalyzes the synthesis of PAR on itself and other proteins. These polymers serve as molecular bridges for proteins that contain PAR-binding domains (such as macro domain proteins, PBZ proteins, and other proteins), and thereby contribute to chromatin remodeling and DNA repair, when the DNA has been repaired, these components are disengaged from the nucleosomes.

The functional consequences of this complex set of interactions have not been completely elucidated. It is clear that macro domain proteins mediate checkpoint responses and the inhibition of apoptosis after DNA damage, as discussed above. However, do they also have a role in DNA repair? A couple of observations suggest that this is likely: the co-localization of many DNA repair factors with macro domain proteins occurs mostly at early time points after DNA damage [@bib0110], [@bib0115], [@bib0120], and activation of PARP-1 results in the co-localization of macroH2A1.1, XRCC1, APLF and γH2AX, which indicates a PARP-1 dependent accumulation of DNA repair machinery in response to DNA damage [@bib0110]. These observations imply that macro domain protein is specifically targeted to sites of DNA damage through interaction with PAR and functions to regulate compaction of chromatin during DNA repair. What might be the functional consequences of this chromatin compaction? Recent studies have shown that it inhibits the recruitment of Ku70, a protein involved in DNA repair, and increases the phosphorylation of H2AX, both of which suggest a possible role for macro domain in regulating DNA-damage responses [@bib0110], [@bib0120]. Thus, the transient compaction of chromatin induced by macro domain upon PARP-1 activation can dynamically modulate DNA damage responses. Moreover, using RNA mediated interference induced knockdown of PARP-1 or treatment with PARP inhibitors, the efficient recruitment of macro domain at the foci is inhibited or blocked (for review [@bib0110]). Thus, it seems possible that macro domain, perhaps by facilitating access of the DNA repair machinery to chromatin, might modulate proper DNA damage responses.

In conclusion, macro domain proteins might regulate DNA damage responses in different ways: by mediating the rearrangement of chromatin and transiently affect the DNA damage response by PAR-dependent manners; by actively regulating DNA repair; and/or by integrating DNA repair with checkpoint responses. All of these scenarios are possible and not mutually exclusive, and further work is needed to understand the role of macro domain proteins in DNA damage responses.

4.4. The macro domain and the modulation of chromatin structure {#sec0050}
---------------------------------------------------------------

At sites of DNA breakage, the chromatin structure is opened up by the removal of histones as a result of their non-covalent association with PARylated PARP-1 and their PARylation by PARP-1 [@bib0040], [@bib0045]. One important function of histone modification is the ordered recruitment of chromatin remodeling activities that recognize modified histones via specific domains (methylation is recognized by chromo-domains and PHD domains, acetylation is recognized by bromo-domains, PARylation is recognized by macro domains and PBZ domains) (for review [@bib0110], [@bib0175], [@bib0295]).

As mentioned above, in response to DNA damage, PARylated macro domains are recruited rapidly to PARP-1 activation sites (for review [@bib0110]). Does this mean that the macro domain might serve as a modulator of chromatin structure? Indeed, most evidence suggests that most macro domain proteins contribute to the assembly of chromatin by one of two different typical patterns. The first mode is exemplified by ALC1, which is a member of the SNF2 superfamily of ATPases and which contributes to the regulation of chromatin via an ATP-dependent chromatin remodeling pathway [@bib0115], [@bib0120]. Interestingly, recent study strongly showed that the ATPase and nucleosome-remodeling activities of ALC1 are dependent on NAD^+^-dependent PAR synthesis by PARP-1 and the macro domain of ALC1 and also suggested a coupling of ATPase and PAR binding activities [@bib0115]. Surprisingly, ATPase activity depends on an intact macro domain, exemplified by ALC1 (D723A), which does not bind PAR, lacks ATPase activity in either the presence or absence of PARP-1 and NAD^+^. However, free PAR or ADPR are unable to activate ATPase and nucleosome-remodeling activities of ALC1, which strongly suggests that ALC1 ATPase activity depends on auto-modification of PARP-1 and/or on PARylation of ALC1 itself (for review [@bib0115]). Unlike other chromatin remodeling and modifying enzymes and complexes, ALC1 lacks targeting domains, such as bromo- or chromo-domains, however, recent findings provided strongly evidence that nucleosomes are the relevant substrate for ALC1 and raised the possibility that ALC1 could be targeted to chromatin by PARylation via its macro domain [@bib0115], [@bib0120]. In the second mode, the PARylation of macro domain proteins might contribute to the epigenetic modification of histones [@bib0110]. Physiological PARP activation, such as PARP-1 and PARP-2, may result in transient, macroH2A1.1-dependent chromatin changes, which might be relevant for the proper tuning of local chromatin architecture (for review [@bib0110]). This effect requires an intact macroH2A1.1 macro domain (that is, PAR binding) and catalytically active PARP-1. This result indicates that macro domain in macroH2A1.1 can be recruited to sites of PAR synethesis in the nucleus and that the recruitment is dependent on PAR binding. Interestingly, in both typical patterns, the PARylation of macro domains plays a foundational role in chromatin remodeling, because the mutation and deletion of the macro domain in macroH2A1.1 totally abrogates the ability of these proteins to modulate chromatin structure. Notably, the macroH2A1.2 variant of macroH2A, which is deficient for PAR binding, cannot sense PARP-1 activation or mediate chromatin remodeling [@bib0110]. The different isoforms of macroH2A show distinct expression patterns [@bib0300], and the dichotomy between macroH2A1.1 and macroH2A1.2 function correlates with their expression. Whereas macroH2A1.2 is expressed widely, macroH2A1.1 is detected in post-mitotic and senescent cells [@bib0305], [@bib0310], which suggests that cell-type specific expression of macro domain proteins could contribute to chromatin plasticity. Taken together, these findings show that PAR-binding macro domains mediate the rearrangement of chromatin and lead to chromatin relaxation, which has a transient effect on the DNA damage response; they provide a key insight into the molecular consequences of the macro domain, and emphasize the importance of chromatin reorganization in genome stability.

5. The transcriptional roles of macro domain proteins {#sec0055}
=====================================================

Although the biochemical function of macro domain proteins remains largely unknown, consistent evidence is accumulating for a role for most macro domain proteins in transcriptional regulation ([Table 1](#tbl0005){ref-type="table"}). As mentioned previously, the macro domain, which is an evolutionarily conserved domain, is found in proteins that are involved in diverse biological functions, including the regulation of transcription. Remarkably, the macro domain can activate transcription by functioning as a co-activator of specific transcription factors [@bib0055], [@bib0060], [@bib0315], [@bib0320], [@bib0325]. Conversely, the macro domain can also bind DNA directly; when tethered to the promoter area macro domains display a cryptic transcriptional repression activity that depends on the presence of an intact domain [@bib0095], [@bib0330]. This suggests that the conformation of the macro domain and/or its interactions with other proteins determine its effect upon transcription.

In agreement with this idea, certain macro domain proteins have been found to act as both transcriptional co-activators and co-repressors ([Fig. 5](#fig0025){ref-type="fig"} ). CoaSt6/PARP-14 can act as a co-activator in the Stat6 possibly through their interaction with the transcriptional co-activator p100 with PARylation modification catalyzed by its intrinsic PARP activity [@bib0055], [@bib0060], [@bib0200]. Similar effects may be observed for other macro domain proteins, MACROD1 contributes to elevated nuclear-factor (NF)-κB activity by acting as its essential co-activator (our unpublished observations), and it also interacts directly with nuclear receptors. For example, MACROD1 acts as a potential co-activator to amplify the transactivation activity of nuclear receptors, such as estrogen receptor α (ERα) and androgen receptor (AR), through its conserved domain under conditions of receptor stimulation [@bib0315], [@bib0320], [@bib0325]. These findings are supported by the analysis of PARP-14^−/−^ mice [@bib0200]. Inactivation of PARP-14 in these mice blocks the IL-4-induced protection of B cells against apoptosis after irradiation or growth factor withdrawal, and also impairs IL-4-dependent transcriptional activation. Furthermore, the induction of several B-cell survival factors (e.g. Pim-1 [@bib0335]; Mcl-1 [@bib0340]) by IL-4 also depends on PARP-14 [@bib0200]. Unlike bona fide co-activators such as CREB-binding protein (CBP) and p300, macro domain proteins do not possess intrinsic histone acetylase activity. However, they can regulate transcriptional activity and interfere with p300-dependent histone acetylation [@bib0345].Fig. 5Differential cellular roles of macro domain proteins. Some examples of the participation of macro domain proteins in cellular pathways linked to cell proliferation and cell death. Collectively, macro domain family proteins are involved in the inactivation of chromosomes and transcriptional repression. See main text for details, the red arrows represent repression and black arrows represent activation.

As mentioned above, macro domain proteins can also act as co-repressors of transcription ([Table 1](#tbl0005){ref-type="table"}); For example, the BAL family proteins repress transactivation when tethered to a promoter [@bib0095]. Furthermore, the macro domain of macroH2A has been implicated in the direct silencing of transcription by interfering with the binding of NF-κB to its cognate sequence [@bib0330]. Interestingly, the H2A-like domain of macroH2A does not affect p300-dependent RNA polymerase II (RNAP II) transcription [@bib0345], but does interfere with SWI/SNF nucleosome mobilization [@bib0330]. MacroH2A exhibits some redundancy in function with respect to nucleosome remodeling because each individual domain of macroH2A (either non-histone region or H2A-like) when fused to H2A can impair nucleosome remodeling [@bib0345]. It is tempting to speculate that *in vivo* macroH2A could contribute to the repression of transcription by affecting at least two different pathways: histone acetylation and chromatin remodeling. In addition, macroH2A1 is required for the transcriptional silencing of endogenous murine leukaemia viruses found in the mouse genome [@bib0350]. Although most of the current literature has focused on the role of macroH2A1 in the repression of gene expression, recent evidence suggests that transcriptional repression might not be the only function of this histone variant. For example, phosphorylated macroH2A1 is excluded from the transcriptionally inert inactive X chromosome [@bib0355]. In addition, one group has documented an unexpected role for macroH2A1 in enhancing the transcription of a subset of autosomal genes [@bib0360]. These findings indicate that the macro domain might have functional versatility in the regulation of transcription. The ability of macro domain proteins to interact with co-activators such as p100 suggests that the macro domain could co-activate transcription through its ability to stabilize co-activator--transcription factor complexes. By contrast, the mechanisms by which some macro domains act as co-repressors remain unclear, although it is tempting to speculate that macro domain proteins could also participate in and stabilize co-repressor--transcription factor complexes.

Current understanding of some of the molecular mechanisms that underlie transcriptional regulation suggests that many of the biological functions of the macro domain might depend on its ability to bind PAR. For instance, PARP-14 can regulate the activity of Stat6 in a ligand-dependent manner by PARylating and interacting with p100, a cofactor for Stat6, and in PARP-14^−/−^ mice, IL-4-induced protection of B cells against apoptosis, which depends on Stat6, is impaired profoundly. However, it is unclear, whether or not PARylation plays a fundamental role in other types of transcriptional regulation.

The data gathered so far support a model in which the macro domain exerts its regulatory activity on transcription in the nucleus, where it regulates the proper assembly of transcriptional complexes. Therefore, it is possible that macro domain proteins are recruited transiently to transcription factors and cofactors, or to their proximity, either to take part in transcription or to sever as modifiers (for example by PARylation) ([Fig. 5](#fig0025){ref-type="fig"}). In the case of nuclear receptors, this process could depend on their ligand-binding by macro domain proteins, as suggested by the fact that the interaction between MACROD1 and ERα or AR is dependent on both intact macro domain and receptor stimulation [@bib0315], [@bib0320], [@bib0325]. However, chromatin that contains macroH2A1 and has been assembled *in vitro* is more repressive to transcription than canonical chromatin; it specifically blocks transcriptional initiation, and not elongation [@bib0345]. The models proposed here also suggest that some macro domain proteins regulate the transcriptional activity of particular transcription factors and their target genes through special ways respectively.

6. Links between macro domain proteins and diseases {#sec0060}
===================================================

6.1. Macro domains in cancer and degenerative diseases {#sec0065}
------------------------------------------------------

It is now well established that various members of the macro domain family are overexpressed in a range of human tumors [@bib0365], [@bib0370], [@bib0375], [@bib0380], [@bib0385], [@bib0390], [@bib0395], [@bib0400]. Generally, MACROD1 appears to be the family member most widely overexpressed in human cancers, with high levels of expression observed in endometrial carcinoma, gastric carcinoma, colorectal carcinoma, and breast carcinoma [@bib0370], [@bib0375], [@bib0380], [@bib0385], [@bib0390]. ALC1 is most widely overexpressed in hepatocellular carcinoma (HCC) [@bib0400], [@bib0405], [@bib0415]. Recent studies have now begun to delve into the more substantial problems, including: whether the overexpression of macro domain proteins affects the differentiation state, growth rate or metastatic potential of a tumor cell; what the immediate downstream consequences of macro domain proteins overexpression are; and what the prospects are for inhibiting macro domains or its downstream targets in the tumor cell.

Overexpression of macro domain protein has been correlated with the histological grade of a cancer cell in some tumor types. In HCC, ALC1 is expressed at higher levels in higher tumor grades [@bib0405] and, in gastric carcinoma, high MACROD1 expression has been correlated with poorly differentiated histological grade [@bib0380]. High MACROD1 expression is associated with poor or moderate histological grade in invasive ductal breast carcinoma and a poor prognostic outcome [@bib0385]. MACROD1 overexpression is also reported to correlate with poor prognostic outcome and to associate with poor or moderate histological grade in colorectal cancer [@bib0390]. However, further studies which allow us to better define the MACROD1 functional importance in various cancers and to determine whether MACROD1 serves as a new molecular marker to assess the prognosis of carcinomas will be needed.

Important molecular marker correlations are also now beginning to be drawn. Clinical research has indicated that the expression level of some of macro domain proteins in carcinoma is significantly higher than that in matched normal tissues and is correlated significantly with shortened survival in patients with cancer [@bib0380], [@bib0385], [@bib0390], [@bib0395], [@bib0405]. In addition, macro domain proteins could become useful biomarkers to predict the risk of recurrence of some tumors. For instance, studies have indicated that the human histone variant macroH2A can predict lung cancer recurrence and therefore could serve as a useful prognostic biomarker [@bib0300]. Moreover, another macro domain protein, C6orf130, which is a B-cell antigen, represents a promising biomarker of effective anti-CLL immunity [@bib0410].

How can the effect of macro domain proteins on the state of a tumor cell be established more definitively? Overexpression of MACROD1 in endometrial cancer cell lines has been shown to increase the invasiveness of these cells in tissue culture [@bib0375]. In contrast, knockdown of MACROD1 in prostate cancer cell lines has been shown to decrease the growth of these cells *in vitro* [@bib0325]. Macro domain protein has an important role in enabling cancer cells to adapt their metabolism to cope with the demands of enhanced migration and metastasis, PARP-9, for instance, was found to be overexpressed in aggressive diffuse large B-cell lymphomas (DLB-CL), and its ectopic over-expression promotes the migration of lymphocytes *in vitro*, which indicates that PARP-9 might promote the dissemination of malignant B cells in high-risk DLB-CL [@bib0395]. ALC1 is likely to have key roles in the initiation and progression of HCC, an assertion that is supported by overexpression data for a range of HCC cell lines. This involvement has been illustrated by the susceptibility of transgenic mice that are ubiquitously expressing ALC1 to various types of tumor [@bib0365]. In primary HCC, overexpression of ALC1 was significantly associated with tumor microsatellite formation, advanced tumor stage, overall survival time [@bib0405]. To explore its oncogenic mechanisms, *in vitro* and *in vivo* functional studies in mice showed that ALC1 contributed to tumor cell migration, invasion, and metastasis by increasing cell motility and inducing filopodia formation and epithelial--mesenchymal transition (EMT) [@bib0415]. Whether macro domain is required for the maintenance of transformed state or tumor cell aggressiveness can also be tested by crossing tumor prone strains (in which macro domains are expressed in the primary tumor) to animals with reduced macro domain dosages. It is these types of animal model systems that will ultimately allow us to determine the precise role of macro domain overexpression in the generation, establishment or progression of various tumor types.

In addition to its effects on the tumor cell, macro domain protein has been shown to be crucial for degenerative diseases. Recent studies on macro domain proteins have suggested a role for these proteins in chromatin biology [@bib0110], [@bib0115], which in turn suggests that the genes for these proteins might be involved in congenital malformation syndromes. At present, several congenital malformation syndromes have been shown to be caused by haploinsufficiency of a gene involved in chromatin remodeling [@bib0420], [@bib0425]. One such syndrome is KS and mutations in the macro domain gene C20orf133 have been identified in patients with KS. However, both the identification of different chromosomal rearrangements in patients with KS features and the absence of C20orf133 mutations in a large number of patients with KS suggest that KS is genetically heterogeneous [@bib0205].

What are the downstream consequences of macro domain loss that lead to the observed malignant phenotypes defects in human cancers? Because macro domain proteins control the transcription of other genes, it will be important to determine both the immediate early transcriptional effects of macro domain loss and the secondary transcriptional effects to understand the phenotype fully. Recently, an indirect effect of macro domain loss on ARHGEF9 expression in ALC1-silenced HCC cell line has been reported, and the analysis extended to include a role for ARHGEF9 in mediating the ALC1 loss phenotype in HCC [@bib0415]. Moreover, strongly evidence was reported to support that the transcriptional regulator ALC1 upregulates ARHGEF9 transcription, which subsequently increases Cdc42 activity, causing filopodia formation, EMT, and finally HCC invasion and metastasis [@bib0415]. However, it is no direct evidence whether macro domain in ALC1 plays a major role in the regulation of primary tumor malignant phenotype. According to previous study, macro domain in ALC1 has an essential role for inhibition of cell death in HCC cell line [@bib0250]. It is likely that other effectors of macro domain loss are also mediating the effects on tumor cells and a more in depth analysis is now required.

6.2. PARP inhibitors in cancer therapy {#sec0070}
--------------------------------------

Other than surgery, the most common cancer treatments are radiotherapy and chemotherapies that function by generating DNA damage [@bib0430], [@bib0435]. DNA repair represents a common mechanism for resistance to cancer therapy, thus the resistance of cancer cells to radiation and chemotherapy might reflect specific properties of the DDR of these cells ([@bib0440]; [Fig. 6](#fig0030){ref-type="fig"}A). PARP-1 has been implicated in DNA repair and the maintenance of genomic integrity. This 'guardian angel' function of PARP is evidenced by a series of molecular mechanisms which are involved in the regulation of the DNA BER pathway and the high frequency of sister chromatid exchange in PARP-1^−/−^ mice after exposure to IR or alkylating agents [@bib0445]. Therefore, it has been speculated that inhibition of the DDR might enhance the effectiveness of radiotherapy and chemotherapy and, indeed, more and more attention has been paid to the clinical potential of small molecule inhibitors in cancer therapy. To date, studies have indicated that inhibitors of PARPs might be effective as therapeutic agents for the treatment of multi-tissue tumors. As mentioned previously, PARP plays a role in the response of cells to stress-induced DNA single-strand breaks (SSBs) and forms part of the BER pathway [@bib0450]. In both cultured human cancer cells and xenograft mouse models, PARP inhibitors have been shown to enhance the cytotoxicity of the DNA-methylating agent temozolomide, ionizing radiation, and the topoisomerase-I inhibitors irinotecan and topotecan [@bib0050], [@bib0455], [@bib0460]. The combination of doxorubicin and PARP inhibitors especially sensitizes p53-deficient breast cancer cells to apoptosis [@bib0465].Fig. 6Presumed targeting macro domain in cancer therapy. Schematic illustration of possibly machinery involved in resistance to cancer radiotherapy and chemotherapy and the potential application of small molecular analogues of ADP-ribose in combination with PARP inhibitors in cancer therapy.

In this context, another recently recognized potency of PARP inhibitors could be in some case of enhancing the ability to kill tumor-cells deficient in homologous recombination. Recently, two studies from Bryant et al. and Farmer et al. have demonstrated that PARP inhibitors strongly enhance apoptosis in cancer cells that are deficient in either of the tumor suppressors BRCA1 and BRCA2, which are encoded by the most commonly mutated genes in familial breast cancer and are involved in homologous recombination [@bib0470], [@bib0475]. A final potential application of PARP inhibitors in tumor therapy might involve enhancement of the anti-tumor effects of radiotherapy [@bib0480]. *In vivo*, a preclinical study on the efficiency of PARP inhibitors to enhance radiotherapy has been reported recently [@bib0460].

A number of PARP inhibitors have entered the clinic trials in both intravenous and oral formulations ([Table 2](#tbl0010){ref-type="table"} ). To date, these PARP inhibitors have entered phase II trials; further phase II trials are currently underway that will help elucidate further the role and potential for this new targeted therapy. However, from phase II to phase III trials, it is a very long and difficult process. The initial findings from ongoing clinical studies of PARP inhibitors have confirmed the preclinical data. However, it is our opinion that in order for the full potential of PARP inhibitors to realize two key questions must be addressed by these studies. The first is how to identify those tumors that will benefit most from these new drugs. BRCA mutation is not restricted to triple-negative breast cancers and can occur in other subtypes. In addition, BRCA mutation has been observed in other tumor types, such as head and neck squamous-cell carcinomas, uterine cervical carcinomas and non-small-cell lung cancers. A major challenge in the coming years will be to identify which tumors the BRCA mutation precisely corresponds to. The second question is two-fold and involves determining how exactly PARP inhibitors exert their beneficial effects in tumor cells and whether different PARP inhibitors are equivalent in terms of suppression of PARP activity in cells and inhibition of polymer synthesis in patients.Table 2PARP inhibitors in clinical trials^a^.DrugCompanyClinical trialsPhaseRef.AG014699PfizerBRCA1- or BRCA2-mutant tumorsPhase IIPlummer et al. [@bib0485]Daniel et al. [@bib0490]Thomas et al. [@bib0495]ABT-888AbbottGlioblastoma multiforme (with temozomide)Phase IIAlbert et al. [@bib0500]Clarke et al. [@bib0505]Donawho et al. [@bib0510]Solid tumors and leukaemia (various combinations)Phase IHorton et al. [@bib0515]Liu et al. [@bib0520]BRCA1- or BRCA2-mutant tumorsPhase ILiu et al. [@bib0525]Penning et al. [@bib0530]BSI-201Sanofi-AventisOvarian cancer, glioblastoma multiforme, and uterine cancer (various combinations)Phase IIO\'Shaughnessy et al. [@bib0535]Triple-negative breast cancer (with gemcitabine and carboplatin)Phase IIIOssovskaya et al. [@bib0540]BRCA2-mutant pancreatic cancer (various combinations)Phase 1bMendeleyev et al. [@bib0545]Other solid tumorsPhase I/IIAZD2281Astra ZenecaBRCA1- or BRCA2-mutant tumors (with carboplatin)Phase IIDungey et al. [@bib0550]Platin sensitive ovarian cancerPhase IIDungey et al. [@bib0555]Triple-negative breast cancer (single agent or with carboplatin)Phase IIEvers et al. [@bib0560]Other solid tumorsPhase I/IIHay et al. [@bib0565]Rottenberg et al. [@bib0570]Menear et al. [@bib0575]CEP-8983/CEP-9722 (prodrug)CephalonSolid tumors (with temozolomide)Phase IMiknyoczki et al. [@bib0580]MK-4827MerckSolid tumors and ovarian cancerPhase IJones et al. [@bib0585][^2]

In summary, research has established that PARP inhibitors are active anticancer agents in BRCA mutant tumors. Although these results are exciting, there is still much work to be done to translate them into clinical practice. It will be important to determine whether preclinical models have accurately predicted the activity of PARP inhibitors in settings beyond BRCA1- and BRCA2-deficient tumors. Although there is still much to be learnt about PARPs and PARP inhibitors, the recent tantalizing results suggest that further basic and translational studies are likely to be informative and rewarding.

6.3. Macro domain in infectious diseases {#sec0075}
----------------------------------------

Pathogens have developed sophisticated mechanisms to either block or subvert normal host immune (clearance) processes, thereby enhancing pathogenesis and affecting disease outcome. Pathogens produce multiple virulence factors whose actions manifest in clinically recognized symptom profiles of infection. Their diverse functions and interplay with bacterial and host mechanisms confound attempts to precisely define the contribution of each virulence factors to the bacterium\'s pathogenesis [@bib0590]. Despite the complexity of bacterial pathogenesis, several bacterially-produced ADP-ribosylating exotoxins (bAREs) have been shown to contribute to the onset and progression of clinically relevant infections [@bib0595]. Studies have characterized that some of these bAREs ADP-ribosylate eukaryotic proteins that are important components of host cellular physiology. For example, diphtheria toxin (DT) from *Corynebacterium diphtheria* and exotoxin A (ETA) from *Pseudomonas aeruginosa*, directly inhibit translation elongation factor 2 (eEF2) [@bib0600], [@bib0605], [@bib0610], thereby blocking its downstream interactions with the ribosome and inhibiting protein synthesis in the host cell [@bib0615], [@bib0620]. In addition, cholera toxin and pertussis toxin (PT) are able to ADP-ribosylate the α-subunits of the heterotrimeric G proteins, which in turn perturbs normal signal transduction [@bib0595], [@bib0625]. Still other toxins can disrupt the eukaryotic cytoskeleton by ADP-ribosylating either the monomeric GTP-binding proteins of Rho family or actin [@bib0595].

As mentioned previously, macro domains are found in organisms ranging from viruses and bacteria to yeast and humans. Moreover, biochemical analysis has revealed that macro domains can bind with ADP-ribose metabolites [@bib0035], but the precise functional role of the bacterial macro domains remains elusive. It is possible that macro domains may interact with ADP-ribosylated proteins, since many bacterial mARTs have been identified [@bib0595]. Whether the bacterial macro domain effectively contributes to pathogenesis, however, has not yet been clearly defined. Interestingly, a recent study demonstrated that the macro domain was able to recognize protein targets within a host cell that had been ADP-ribosylated by bacterial exotoxins and by endogenous mARTs [@bib0190]. It is tempting to speculate that bARE activity may be able to modulate the biological activity of bacterial macro domains via mono-ADP-ribosylation. Mono-ADP-ribosylation could act as a signal termination mechanism for βγ; when an activated G protein-coupled receptor induces dissociation of the α- and βγ-subunits of the G protein, it also initiates a signal termination process by inducing mono-ADP-ribosylation of the active βγ dimer. The modified dimer is unable to interact with the effector and, in time, will be de-ADP-ribosylated, thereby allowing it to reassociate with the α-subunit [@bib0630], [@bib0635]. Hence, mono-ADP-ribosylation of macro domain by bacterial exotoxins might act as a 'signaling' function that mediates microorganism activities and facilitates its effects on host cells. Until now, the precise regulatory mechanisms of macro domains in infectious diseases remain largely uncharacterized. Further studies of the ADP-ribosylation machinery will not only increase our understanding of the functional role of macro domains, in such processes as signaling, immune response and membrane trafficking, but will also help to identify new targets for drug development.

6.4. The macro domain as a new potential therapeutic target in diseases {#sec0080}
-----------------------------------------------------------------------

The macro domain family is conserved almost universally across all three domains of life: bacteria, archaea, and eukaryotes. The wide distribution of this protein family suggests that it is involved in an important and ubiquitous cellular process. The macro domain is also found as a single copy or as multiple copies in combination with a number of otherwise unrelated domains, which shows that gene multiplication through evolution has been accompanied by structural and functional diversification. The remarkable conservation of different macro domains indicates that the basic functions of this protein family have been conserved during several hundred million years of evolution. It is tempting to speculate that this conserved domain has helped to maintain the stability of chromatin in most organisms during their adaptation to the surrounding environment in evolution and development. It is doubtful that the role of macro domain proteins in cancer would have attracted so much attention if these proteins themselves, or their upstream or downstream effectors, were not thought to be attractive targets for the design of anti-cancer drugs. It has been consistently shown that the expression of macro domain proteins is higher in cancer cells than in normal cells, which suggests that these proteins might be a useful tissue biomarker for the diagnosis of cancer and their levels in serum might be a useful marker for prognosis [@bib0300], [@bib0410]. Presumably, the unique DDR machinery that is regulated by macro domain proteins provides a common mechanism for resistance to cancer therapy. Therefore, it has been speculated that therapy that targets macro domain proteins might enhance the effectiveness of radiotherapy and DNA-damaging chemotherapies.

The macro domain is the first globular protein module known to bind ADPR, metabolites of NAD^+^, and its derivatives. Interestingly, a study by Durkacz et al. has demonstrated that one function of homopolymer chains of ADPR is to participate in the cellular recovery from DNA damage. Thereby, the rejoining of DNA strand breaks caused by dimethyl sulphate and cytotoxicity is prevented by specific inhibitors of PARP and is also prevented by nutritionally depleting the cells of NAD^+^ [@bib0640]. However, many mutagenesis studies have indicated that the binding of ADPR to macro domains depends on a limited number of amino acid residues, which might represent what are known as 'hot spots' in terms of drug design. Generally, good drug targets correspond to surfaces with hot spots that can be covered by a drug-sized molecule. Therefore, it is tempting to speculate that small molecular analogues of ADPR that bind within the ligand pocket of macro domains might be of therapeutic value in a number of areas of medical interest ([Fig. 6](#fig0030){ref-type="fig"}B). The problem with targeting ADPR binding sites is that, because ADPR chains commonly serve as a protein-interaction scaffold, such drugs would affect numerous ADPR-binding domain interactions and signaling pathways, which would lead to side effects. However, it is expected that by targeting specific effector proteins that contain ADPR-binding domains, instead of a broad spectrum of ADPR binding proteins, it will be possible to manipulate specific cellular processes. A number of potential target proteins are particularly interesting. Firstly, recent evidence has shown that the macro domain has an important role in PARP-1-mediated DNA damage recognition and repair [@bib0110], [@bib0115], [@bib0120], therefore, molecules targeting macro domains might enhance the effectiveness of radiotherapy and chemotherapy and restrict other human disease. Notably, a paper from Chen et al. strongly suggest that silencing macro domain protein expression in HCC by the corresponding shRNA has a great therapeutic potential in HCC treatment, especially to increase the chemosensitivity combined with chemotherapy [@bib0405]. Secondly, a large number of viruses and microbial parasites contain macro domain proteins, and some of these proteins are necessary for host cell infection and replication. The nsp3 macro domain has an essential role for sindbis virus (SINV) replication and age-dependent susceptibility to encephalomyelitis [@bib0645]. Unexpectedly, mutations in SINV macro domain profoundly impaired SINV replication and viral RNA synthesis particularly in neurons. Thirdly, macroH2A1.1 has been found to be enriched in post-mitotic and senescent cells, which suggests a role for this protein in chromatin biology [@bib0305], [@bib0310]. It remains to be seen whether the level of macroH2A can be correlated with the proliferation state of a cell and thus, potentially play a role in tumor biology. Finally, macro domains might show an association with the sirtuin family of enzymes because of their ability to bind the ADPR-related derivatives that are produced by sirtuins. Recently, it was shown that sirtuins play important roles in the aging process and in diseases such as cardiovascular disorders [@bib0650], [@bib0655], [@bib0660], [@bib0665], [@bib0670]. In response to DNA damage and oxidative stress, SIRT1 directly interacts with and deacetylates p53, which promotes cell survival by specifically repressing p53-dependent apoptotic response and the possible effect in cancer therapy [@bib0665], [@bib0670]. Therefore, the manipulation of sirtuin activities is appealing as a novel therapeutic strategy for the treatment of currently human diseases, such as cancers.

Encouragingly, over the past few years, progress in the field of structure-based drug design has indicated that it is pharmacologically possible to disrupt protein--protein interactions with small molecules; this has been exemplified by the development of small peptidomimetic inhibitors that target proteins that control apoptotic pathways in cancer cells such as inhibitors of apoptosis (IAPs) and B cell lymphoma 2 (BCL2) (for review [@bib0675]). These approaches require new strategies for the chemical synthesis of "peptidomimetic-like" compounds. It is possible that the molecular targeting of macro domain proteins will contribute to the future restriction of human diseases, including cancer, and the pharmacological development and usage of such modern therapeutics are promising.

7. Conclusions and future perspectives {#sec0085}
======================================

On the basis of what we have discussed here, it is apparent that macro domains are unique evolutionarily conserved domains that regulate functions as diverse as the inhibition of apoptosis and the regulation of development, and that this is achieved by different biochemical means, including transcriptional regulation and PTMs of proteins, as well as modification or maintenance of chromatin domains in PAR-dependent manners.

Two questions immediately come to mind. First, how can macro domains carry out so many functions? And second, what is the evolutionary advantage of concentrating such a plethora of diverse functions into macro domains?

In response to the first question, perhaps we are not confronted with alone macro domain, but rather with diverse macro domain containing proteins---there is in fact evidence to suggest that not all macro domain proteins are created equal. We have described above how macro domain proteins may have different functions. In humans, at least ten genes encoding macro domain proteins are found, each protein contains from one to three macro domain. Often just a few macro domain proteins per cell are found to associate with specific proteins partners, other transcriptional factors or chromatin regions. Finally, different macro domains can bind various metabolites of NAD^+^, including PAR. Throughout this review, the notion that not only structural but also functional heterogeneity could exist among macro domains was raised. In the future, therefore, it will be of great importance to understand how different macro domain proteins might regulate different functions and if this is achieved is an integrated fashion.

With respect to the second question, we propose that the apparently diverse functions of macro domain proteins are in fact coherent, in that they allow macro domain to oppose and restrict tumor cell apoptosis and DNA damage at multiple levels. Therefore, it can be speculated that macro domains have evolved to carry out and perhaps coordinate tumorigenesis activities. Alternatively, macro domain may have initially evolved to regulate a more fundamental biology function (for example, DNA repair) and only later diversified into several tumor controlling activities. Understanding when macro domains have emerged during evolution might shed light on the ancestral scope and fundamental function of this intriguing ancient domain.

Another important and still unexplored area of macro domain research is whether macro domain proteins can transfer PAR to their interaction partners. Some macro domains can also hydrolyze phosphate groups from nucleotides or ADPR derivatives. The specific roles of the binding and enzymatic activities of macro domains, however, have remained elusive. This hypothesis appears to be reasonable in that PAR has been found to be transferred from PAR -binding proteins to partner proteins. For example, tankyrase, which is a member of the PARP superfamily, has been found to transfer PAR to its interacting protein telomeric repeat binding factor-1 (TRF1); ADP-ribosylation of TRF1 diminishes its ability to bind to telomeric DNA [@bib0680].

A tremendous amount of work has been done over the last decade to decipher the physiological and pathophysiological roles of macro domain proteins on molecular level. The research about functions of macro domain proteins, initially an esoteric field involving only a small community of researchers, is currently a hot topic. Many groups with a wide range of expertise have become involved in the biological functions of macro domain proteins research. However, despite the progress made in recent years in biochemistry, molecular biology, physiology, and pathophysiology of ADP-ribosylation of proteins, no unified picture of the physiology and pathophysiology roles of distinct PARylation reactions has yet emerged. Despite notable progress of new genetic tools and the availability of new techniques such as mass spectrometry, *in vitro* chromatin reconstitution systems, or chromatin immunopreciptation (CHIP) technologies *in vivo*, many basic questions about proteins ADP-ribosylation reactions remain unanswered, including the following. Can proteins really be covalently modified by PARylation, or are the PAR polymers just non-covalently associated with proteins *in vivo*? By what mechanisms are chromatin structures modulated through PARylation of PAR-binding domains? What is the functional relevance of PARylation in transcription, DNA repair and chromatin rearrangement? Can PAR have an influence on the histone code? How is the histone code modulated by mono-ADP-ribosylation of histones? Can mono-ADP-ribose serve as a histone modification marker for DNA repair and chromatin remodeling? Might mono-ADP-ribose or OAADPR function as a competitive inhibitor of the binding of PAR to macro domains *in vivo*?

One major future challenge is to understand in more detail how the PARylation of macro domain proteins is controlled. An enormous barrier is that the PARylation of proteins cannot be detected easily in cells by common laboratory methods, and thus might represent a vast area within the proteome that has been largely overlooked. Although technically difficult, the question of whether proteins are covalently or simply noncovalently modified by PARylation has to be addressed urgently by biochemical approaches combined with mass spectrometry techniques. The answer will undoubtedly change the field, and if PARylation could be confirmed *in vitro* and *in vivo*, it will certainly provide opportunities for exciting new research. Such knowledge will not only enhance our appreciation of the functions of macro domains but will undoubtedly present exciting opportunities to improve the understanding and management of human health and disease. It remains to be seen whether these observations will reveal new avenues for drug discovery, such as the use of analogues of ADPR, but they will surely teach us much about an aspect of protein regulation that remains only sparsely investigated to date.
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[^1]: Gene locus as indicated at <http://www.ncbi.nlm.nih.gov/locuslink>.

[^2]: ^a^Based on information obtained from [http://www.clinicaltrials.gov](http://www.clinicaltrials.gov/). PARP, poly(ADP-ribose) polymerase.
